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Abstract

This study examines future COy emissions scenar-
ios for Ecuador by 2050, considering the interrela-
tionships among energy supply, energy demand, and
economic growth. Using a system dynamics mod-
eling approach, three scenarios were developed: a
Business-as-Usual (BAU) scenario, an optimistic na-
tional policy scenario (ESCN1), and a global trends
scenario (ESCN2). The model was calibrated and
validated using historical data from 2000 to 2015
and then applied to simulate the long-term behavior
of CO, emissions associated with final energy con-
sumption across six key economic sectors. The results
indicate that, under the BAU and ESCN1 scenarios,
both energy demand and C'O5 emissions are projected
to increase significantly, driven by continued depen-
dence on fossil fuels. In contrast, the ESCN2 scenario,
aligned with international sustainability trends and
policy frameworks, suggests a potential reduction in
emissions by 2050 through a more diversified energy
mix and improvements in energy efficiency.

Keywords: climate change, CO5, emissions, energy
consumption, economic growth, energy policy, sys-
tems dynamics.

Resumen

Este estudio analiza los escenarios futuros de emi-
siones de C'Oy en Ecuador hacia el afio 2050, con-
siderando la relacion entre la oferta y la demanda
energética, asi como su vinculo con el crecimiento
econdmico. Mediante un enfoque de modelado basado
en la dindmica de sistemas, se desarrollaron tres esce-
narios: un escenario tendencial (BAU), un escenario
optimista con politicas nacionales (ESCN1) y un es-
cenario alineado con las tendencias globales (ESCN2).
El modelo fue calibrado y validado con datos histori-
cos del periodo 2000-2015 y se aplicé para simular
el comportamiento a largo plazo de las emisiones de
COs derivadas del consumo final de energia en seis
sectores econémicos clave. Los resultados muestran
que, bajo los escenarios BAU y ESCN1, se proyecta un
aumento significativo de la demanda energética y de
las emisiones de C'O2, debido a la persistente depen-
dencia de los combustibles fésiles. En contraste, el es-
cenario ESCN2, alineado con politicas internacionales
de sostenibilidad, sugiere una posible reduccién de
emisiones hacia 2050 mediante una matriz energética
diversificada y mejoras en eficiencia energética.

Palabras clave: cambio climatico, consumo energé-
tico, crecimiento econémico, emisiones C'O,, politica
energética, sistemas dinamicos.

L*Facultad de Ingenierfa y Ciencias Aplicadas, Universidad Central del Ecuador, Ecuador.

Corresponding author ™: tefreireQuce.edu.ec.

Suggested citation: F. Arroyo-Morocho, D. Bravo-Donoso, A. Remache-Coyago and T. Freire-Rosero “Vulnerability and
risks of Ecuador’s energy system in the context of climate change and environmental sustainability policies,” Ingenius,
Revista de Ciencia y Tecnologia, N.° 36, pp. 54-69, 2026, DOI: https://doi.org/10.17163/ings.n36.2026.05.

o4


https://doi.org/10.17163/ings.n36.2026.05
https://orcid.org/0000-0001-8922-3312
https://orcid.org/0000-0001-6775-2379
https://orcid.org/0000-0001-6863-4104
https://orcid.org/0000-0003-1768-267X
https://ror.org/010n0x685
tefreire@uce.edu.ec
https://doi.org/10.17163/ings.n36.2026.05

Arroyo-Morocho et al. / Vulnerability and risks of Ecuador’s energy system in the context of climate change

and environmental sustainability policies

95

1. Introduction

Development agendas over the past decade have been
shaped by the impacts of global warming, increas-
ing the need for mitigation strategies that account
for both economic and environmental costs [1-4]. Al-
though the global transition remains insufficient, with
82% of energy demand still dependent on fossil fu-
els, renewable energy capacity additions reached 507
GW in 2023 [5-8].Ecuador illustrates a paradox in this
context: despite its negligible contribution to global
emissions, its carbon dioxide emissions reached 35.5
MtCO- in 2021, revealing a close association between
GDP growth and the intensive use of carbon-based
energy [9-11] as shown in Figure 1.

Carbon dioxide emissions from energy
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Figure 1. CO; emissions (2007 — 2021)

Previous studies indicate that economic growth
in developing countries typically leads to increased
energy demand [12-17]. Unless deliberate policy in-
terventions are implemented, technological innovation
alone cannot decouple emissions from economic growth.
In Ecuador, earlier research has examined electricity
sector reform and historical trends separately [18,19].
However, to date, no dynamic model has been de-
veloped that systematically integrates GDP growth,
sectoral energy consumption, and long-term emissions
pathways [20-24]. This article employs System Dynam-
ics (SD) to capture time delays and feedback loops,
thereby enabling the simulation of transition pathways
toward 2050.

System dynamics (SD) has proven to be a valuable
approach for analyzing complex socio-ecological sys-
tems and exploring sustainable future scenarios [25-27].
Modeling energy systems is particularly challenging
because of the involvement of multiple decision-makers
and heterogeneous patterns of consumer behaviors.
The main advantage of SD lies in its ability to cap-
ture nonlinear dynamics, feedback loops, and time
delays [28].

A system dynamics—based model has been devel-
oped to analyze the behavior of the socio -energy-
economic-climate system, concluding that climate pol-
icy plays a key role in the design of evaluation models

for the energy-based economic sector [29]. In addi-
tion, a dynamic simulation model has been developed
to examine household energy consumption and COs
emissions under different conditions [30].

Extensive research has examined the relationship
between economic growth and carbon emissions result-
ing from energy consumption [31-33]. The effects of
different types of energy consumption on economic
growth and emissions vary across groups of countries.
In addition, the causal relationship between overall
economic growth and energy consumption is bidirec-
tional [34-36].

Dynamic causal relationships among energy con-
sumption, C'Oy emissions, and economic growth have
been examined using advanced multivariate model-
ing approaches, thereby overcoming bias associated
with omitted variables and uncertainty regarding the
stationarity properties of time-series variables [37, 38].

Previous studies in Ecuador have examined the
impact of national energy policies on the energy tran-
sition during 2007-2014 [27], [39], electricity sector
reform and its vulnerability to climate change [40],
and long-term trends in carbon emissions and energy
consumption over the 1980-2025 period [24]. These
analyses confirm that economies dependent on fossil
fuels generate higher emissions than those that diver-
sify their energy mix toward renewable sources [8], [28].
However, few studies have integrated these perspec-
tives into dynamic scenario modeling, underscoring
the need for a comprehensive approach such as that
proposed in this research.

Ecuador’s primary energy matrix has historically
been dominated by oil, with only a limited contribu-
tion from renewable sources, as illustrated in Figure
2. Nevertheless, hydroelectric generation increased by
more than 200% between 2000 and 2022, while wind
and photovoltaic generation began contributing after
2007.

Primary energy production (KBOE)

100000,00

80000,00

60000,00

40000,00

20000,00

0,00

2003
2004
2005
2006
2007
2008
2009

2000
2001
2002
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022

B Biomass Supply
m Firewood Supply
® Natural Gas Supply

m Cane Products Supply
Hydraulics Supply
m Oil Supply

Figure 2. Evolution of primary energy production (2000
—2022)
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Secondary energy production increased by more
than 46% between 2000 and 2022, as shown in Fig-
ure 3. Fuel oil and diesel have remained the dominant
sources; however, since 2014, electricity generation has
increased sharply and has nearly reached the level of
diesel.

Production of secondary energy (kBOE)
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Figure 3. Evolution of secondary energy production (2000
—-2022).

Final energy consumption in Ecuador is distributed
across s seven sectors. By 2015, transport accounted
for nearly half of total demand, followed by industry
and households. Despite slight increases in the trans-
port and residential sectors, overall demand declined
mainly due to a marked reduction in industrial energy
consumption.

1.1. Research gap and contribution

Although several studies have examined the relation-
ships among energy consumption, economic growth,
and C'Os emissions in Ecuador, most have focused
on econometric analyses or historical trends. However,
only a limited number of studies have explored these
interactions using dynamic simulation approaches that
enable the evaluation of long-term policy scenarios.

Consumption by sector (KBOE)
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Figure 4. Evolution of secondary energy production (2000
- 2022).

In this context, the present study develops a sys-
tem dynamics model that integrates economic growth,
sectoral energy consumption, and C'O, emissions to
explore possible trajectories of Ecuador’s energy sys-
tem up to 2050. The model enables the evaluation of
different policy scenarios and provides insights into
the potential effects of energy transition strategies on
future emissions.

2. Materials and Methods

System dynamics models can be developed through
user-friendly interfaces. These model development pro-
cedures are based on a visualization process that en-
ables modelers to conceptualize, document, simulate,
and analyze dynamic systems [41]. In essence, the sys-
tem dynamics approach seeks to represent problems
from a dynamic perspective.

Three scenarios were developed. The first, the
Business-as-Usual (BAU) scenario, represents the con-
tinuation of current system conditions without ad-
ditional policy intervention. The second, ESCN1, is
an optimistic national policy scenario that incorpo-
rates government policies and official projections. The
third, ESCNZ2, is a regional or global scenario based on
broader trends observed in countries across the region
and worldwide.

The study develops a system dynamics model to
estimate C'O5 emissions by Ecuador in 2050. It aims to
examine the relationships among C'Os emissions over
time, energy consumption, and Ecuador’s economic
growth. The main variables determining COs emis-
sions are economic growth and energy consumption.

The case study method enables the investigation of
real-life phenomena through detailed contextual analy-
sis of a limited number of events or conditions and their
interrelationships [42]. It is also defined as an empiri-
cal research approach for investigating a contemporary
phenomenon within its real-life context [43].

The model’s main hypothesis is that COy emis-
sions in Ecuador are not an isolated phenomenon, but
rather the result of a positive feedback loop between
sectoral energy demand and economic growth (GDP).
It assumes that, under business-as-usual conditions,
economic growth leads to higher energy demand. This
demand, largely met through fossil fuels with fixed
emission factors, results in a cumulative increase in
emissions. In contrast, intervention through energy
efficiency measures and energy transition policies op-
erates as a balancing mechanism aimed at decoupling
GDP growth from carbon intensity.

The model is structured around the interaction of
three key subsystems: Economic Growth, Final Energy
Demand, and C'O, Emissions.
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e Economic Subsystem: Determines the pace
of the system through capital accumulation and
production, represented by GDP.

¢ Demand Subsystem: Translates economic ac-
tivity into sectoral energy requirements (e.g.,
transport, industry, and residential use), as de-
termined by energy intensity and technological
improvements.

e Emissions Subsystem: Represents the environ-
mental impact associated with the consumption
of different energy sources by applying specific
emission factors.

2.1. Scenario construction

Scenario planning is a technique that, rather than
seeking prediction, offers alternative ways of thinking
about the future based on plausible possibilities [44,45].
This approach enables the exploration of a range of
alternative futures. Scenario construction can also be
regarded as a subset of strategic forecasting, defined as
the development of multiple possible futures to support
strategy [46,47].

This process is based on assumptions about how
the future might unfold, including the directions in
which certain trends may evolve, which developments
might remain constant, and which might change over
time. Scenarios describe pathways toward possible fu-
tures [48]. They reflect different assumptions about
how current trends may develop, how critical uncertain-
ties may play out, and what new factors may emerge.

A series of scenarios was developed to identify
trends in energy intensity and COs emissions asso-
ciated with final energy consumption in Ecuador. The
scenarios necessarily incorporate subjective elements
and remain open to different interpretations. Their
formulation is essential for anticipating the evolution
of the main variables, informing energy policy, and
projecting future energy consumption patterns and
C'O4 mitigation pathways.

For research purposes, three scenarios were pro-
posed. The first, BAU, represents the continuation of
current system conditions under unchanged assump-
tions. ESCNT1 considers the policies proposed by the
national government for future projections. ESCN2
reflects global trends observed in industrialized coun-
tries.

Scenario 1 (BAU) represents the continuation of
existing conditions. It projects the current trends iden-
tified at the national level, assuming that past trends
will persist and that no new policies affecting energy
production and consumption will be implemented.

Scenario 2 (ESCN1) considers the government
plans and strategies established in Ecuador for the
coming years regarding energy production and con-
sumption. The following documents are taken into
account: National Energy Agenda 2016 — 2040 [49],
National Energy Balance 2013 — 2017 [50-55], National
Energy Efficiency Plan 2016 — 2035 [56], Electricity
Master Plan 2016 — 2025 [57], Electrification Master
Plan 2013 — 2022 [58], Analysis of R & D & I oppor-
tunities in Energy Efficiency and Renewable Energies
in Ecuador [59], National Climate Change Strategy
of Ecuador 2012 — 2025 [60], Sustainable Energy for
All: Rapid Assessment Gap Analysis Ecuador [61], and
Ecuador Renewable Energy [62].

Scenario 3 (ESCN2) considers the environmental
dimension of sustainable development goals, global
environmental governance, multilateral environmental
agreements, and global macroeconomic perspectives
for addressing climate change and its impacts, as well
as transition plans related to clean energy and energy
efficiency. The scenario also draws on projections and
trends reported by organizations such as the Intergov-
ernmental Panel on Climate Change (IPCC), [63-65]
the International Energy Agency (IEA) [2], [66-71]
and BP [11], among others.

2.2. Modeling and simulation

The proposed system dynamics model was simulated
using Vensim, a modeling tool for building, simulat-
ing, and analyzing dynamic systems with causal loop
and stock-and-flow diagrams. This model estimates
Ecuador’s energy consumption, economic growth, and
CO4 emissions up to 2050, considering the country’s
conventional energy resources. It also examines the
impact of economic growth on energy consumption
and COs emissions. Figure 5 presents the flow dia-
gram of the economic-energy-C'O, emissions system,
illustrating these interactions. C'Oy emissions result
from final energy demand across Ecuador’s economic
sectors.

The model integrates three subsystems: economic
growth, final energy demand, and C'O4 emissions. Eco-
nomic activity drives the evolution of energy consump-
tion across different sectors of the economy, while
emissions result from the use of energy carriers asso-
ciated with specific emission factors. At the macro
level, economic growth is represented by the evolution
of gross domestic product (GDP), which follows an
annual growth rate defined for each scenario:

GDP; = GDP,_1(1 + g¢) (1)
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Figure 5. Economic — energy - carbon emissions system flow diagram in Ecuador.

where G D P, represents the gross domestic product
in year t, and g; is the annual economic growth rate.

Final energy demand is estimated as the aggre-
gate of sectoral energy consumption across the main
economic sectors considered in the model:

= i EDs,t
s=1

where F'E D; denotes the total final energy demand,
and ED;; represents the energy demand of sector s
in year t.

Sectoral energy demand is assumed to depend on
the level of economic activity and the corresponding
energy intensity:

FED, (2)

EDyy =GDP, - Elg; (3)
where EI,; represents the energy intensity of sec-
tor s, expressed as the amount of energy required per
unit of economic output.
To represent improvements in energy efficiency and
technological change, sectoral energy intensity evolves
over time according to:

(4)

where 1) represents the annual rate of improvement
in energy efficiency for sector s.

CO5 emissions are estimated from energy consump-
tion by applying the emission factors associated with
each energy carrier:

EIs,t = EIs,t71<1 - 775)

C02 =) EC;,-EF,

=1

(5)

where E'C;; represents the consumption of energy
carrier ¢ in year t, and FF7 is the corresponding emis-
sion factor.

Within the system dynamics framework imple-
mented in Vensim, these relationships interact through
feedback mechanisms linking economic activity, energy
demand, and emissions. The three scenarios analyzed
in this study, BAU, ESCN1, and ESCN2, modify key
parameters, such as economic growth rates, improve-
ments in energy efficiency, and the composition of the
energy mix, to simulate alternative future trajectories
of Ecuador’s energy system up to 2050.

2.3. Model validation

Validation is the overall process of comparing the
model’s behavior with that of the real system [72].
No model exactly matches the system under study,
because all models are, to some extent, simplifications
of the systems they represent [73]. The quality of a
study conducted using a simulation model depends
largely on its validation [74]; accordingly, verification
and validation are among the key stages in simulation
development [75]. Validation remains an essential yet
controversial and unresolved aspect of the modeling
methodology [76]. Social scientists acknowledge the
impossibility of absolute validation, the provisional
nature of all models, and the need for a more eclectic
and diverse set of tests [77].

System dynamics modelers are generally more con-
cerned with dynamic trends than with the specific
values of system variables in particular years. In prac-
tice, the usefulness of a model is a central concern.
Confidence is often regarded as the most appropriate
criterion for assessing model behavior, since there is no
absolute proof that a model can fully represent reality.
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System dynamics models are considered valid when
they can be used with confidence [78].

After calibration using the original system data
set, the model undergoes a final validation based on a
second data set. The validation of a system dynamics
model comprises two broad components: structural
validation and behavioral validation. Structural valida-
tion involves establishing that the relationships used in
the model adequately represent the real-world relation-
ships relevant to the purpose of the study. Behavioral
validation consists of demonstrating that the model’s
behavior is sufficiently close to the observed behav-
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The model was initially validated by comparison
with official data for the 2000-2015 period. Figure
6(a) presents the comparison between simulated and
historical energy demand across the consumption sec-
tors responsible for COy emissions in Ecuador. Figure
6(b) presents the comparison between simulated and
historical C'O4 emissions. These results indicate that
the model is capable of reproducing the structure of
the real system and generating meaningful projections.
The model also provides a useful basis for designing
new policies to improve the system’s future behavior.
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Figure 6. (a) Historical and simulated final energy demand; (b) historical and simulated CO2 emissions in Ecuador,

2000 — 2022.

Statistical validation was performed using two
methods. The first was the AME method, which mea-
sures the average deviation between empirical data and
simulated data. It can be expressed mathematically as
follows:

AME (%) = %xloo (6)

where AME represents the Average Mean Error,
D, denotes the simulated data, and D, is the empirical
data.

The second validation method involved calculating
the mean absolute percentage error (MAPE), defined
as follows:

(At/; F}) (7)

where MAPE denotes the mean absolute percent-
age error, A;, F; and n represent the real data, the
calculated values, and the number of data, respectively.

Table 1 presents the values obtained using the
AME and MAPE methods. These results indicate the
robustness of the model. It should be noted that, in
this study, C O emissions are assumed to result from

MAPE(%) = %Z 2100

the combustion of fossil fuels consumed by Ecuador’s
six economic sectors.

In addition to the graphical comparison of simu-
lated and historical data, model validation included the
calculation of the Absolute Percentage Error (APE)
and the Mean Absolute Percentage Error (MAPE).
These indicators provide quantitative measures of the
deviation between simulated and observed values. In
energy system modeling, MAPE values of approxi-
mately 10% to 15% are commonly considered accept-
able for medium- and long-term projections, particu-
larly when the model’s objective is to reproduce system
trends rather than exact annual observations. In this
case, the error values obtained fall within this range,
indicating that the model adequately captures the his-
torical evolution of energy demand and emissions in
Ecuador.

System dynamics models are primarily designed to
reproduce the structural behavior of complex systems
rather than to generate probabilistic forecasts. For
this reason, validation is typically based on structural
consistency tests and the reproduction of historical
trends, rather than on statistical confidence intervals.
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Table 1. Model validation results

Energy demand

CO2 emissions

Real Data Simulated AME MAPE

Year (KBOE) (KBOE) (%) (%) (Megatonnes CO,) (Megatonnes CO;) (%) (%)

2000 59911 61209 2.12 0.022
2001 62816 61126 -2.76 0.027
2002 66311 61357 -8.07 0.075
2003 66119 64838 -1.98 0.019
2004 66713 65832 -1.34 0.013
2005 69808 70109 0.43 0.004
2006 70265 60923 -15.33 0.133
2007 72985 62384 -16.99 0.145
2008 73817 64649 -14.18 0.124
2009 75463 67101 -12.46 0.111
2010 71303 72382 1.49 0.015
2011 81943 81242 -0.86 0.009
2012 92303 84051 -9.82 0.089
2013 97882 89473 -9.40 0.086
2014 104100 89610 -16.17 0.139
2015 104084 94155 -10.55 0.095
2016 98353 95656 -2.82 0.027
2017 97023 92386 -5.02 0.048
2018 101537 96435 -5.29 0.050
2019 102133 98697 -3.48 0.034
2020 89705 99444 9.79 0.109
2021 90719 83134 -9.12 0.084
2022 94957 92046 -3.16 0.031

9.31

Real Data Simulated AME MAPE
27477.0 27750.6 0.99 0.01
26299.0 27570.9 4.87 0.05
25480.0 27540.2 7.48 0.08
28601.0 28935.9 1.14 0.01
28709.0 29182.3 1.62 0.02
27491.0 31021.8 11.38 0.13
26540.0 26690.2 0.56 0.01
27010.0 26918.3 -0.34 0.00
27500.0 27584.1 0.30 0.00
27900.0 28571.8 2.35 0.02
32100.0 31038.0 -3.42 0.03
32800.0 35325.4 7.15 0.08
34300.0 36109.7 5.01 0.05
36500.0 38351.0 4.83 0.05
38500.0 37965.0 -1.41 0.01
37600.0 39712.4 5.32 0.06
36400.0 40168.0 9.38 0.10
35300.0 38596.7 8.54 0.09
37000.0 40336.9 8.27 0.09
35600.0 40899.1 12.96 0.15
35683.0 40991.7 12.95 0.15
36180.0 32950.5 -9.80 0.09
39852.0 36792.1 -8.32 0.08

8.56

2.4. Sensitivity analysis

System dynamics has long featured a sophisticated,
flexible approach to testing. The sensitivity of results
must be evaluated with respect to uncertainty in as-
sumptions, whether parameters are estimated critically
or by statistical means [80]. In the early 1990s, William
Nordhaus developed the DICE (Dynamic Integrated
Climate Economy) model, which was one of the first
and most influential of the so-called "Integrated Cli-
mate Economy Models” [81,82].
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Figure 7. Energy demand scenarios for the sensitivity
analysis, generated with Vensim.

The sensitivity analysis is performed to identify the
system’s behavior as key parameters vary. Since im-
provements in energy efficiency and economic growth
significantly affect energy consumption and COs emis-
sions, three scenarios are designed to test the model’s
sensitivity figure 7.

3. Results and Discussion

3.1. Final energy demand

The model projects divergent behaviors depending on
the stringency of the policies implemented [4], [83], as
shown in Figure 8:

¢ Business-as-usual scenario: Demand is pro-
jected to increase by 1.21 times relative to the
base year, with oil and natural gas, used primar-
ily for transport and energy production, remain-
ing the dominant energy sources. The system’s
vulnerability is reflected in its reliance on im-
ported hydrocarbons to compensate for infras-
tructure deficit.

e In contrast to the business-as-usual sce-
nario, National Policies Scenario 1 (NSP1):
anticipates a 2.23-fold increase in demand de-
spite official planning. Demand growth in the
transport and industrial sectors exceeds the ben-
efits of current efficiency policies, suggesting that
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existing targets are insufficient to curb energy
intensity.

o Global Trend Scenario 2 (NSP2): This is the
only scenario that achieves a net 10% reduction
in demand by 2050. The success of this trajectory
lies in the aggressive substitution of fossil fuels
with electricity and in efficiency improvements
that offset the effects of economic growth.

The gradual decline in the use of fossil fuels, partic-
ularly gasoline and diesel, underscores the effectiveness
of policies aimed at reducing carbon emissions and pro-
moting clean energy technologies. The steady demand
for natural gas and electricity suggests a transition
toward these lower-carbon energy sources without a
substantial increase in total energy consumption.

In this scenario, government energy policies empha-
size a pragmatic strategy that advances both energy
efficiency and a diversified energy supply mix. This
approach likely includes stricter efficiency standards,
support for renewable energy sources, and progress in
energy storage and distribution technologies.

In the transport sector, the BAU scenario projects
that, by 2050, energy consumption, driven primarily
by diesel oil and gasoline, will account for 34% of the
national energy consumption matrix relative to the
base year, as shown in Figure 8. This sector remains
highly inefficient because of its strong dependence
on fossil fuels. By comparison, the ESCN1 scenario
projects final energy demand at 69% of the sector’s
base-year level, reflecting significant growth in trans-
port needs and the limited mitigating effect of energy
efficiency policies. In contrast, the ESCN2 scenario
projects demand at 27% of the base-year level, likely
due to more aggressive policies and the adoption of
alternative energy sources, resulting in a substantial
reduction in fossil fuel dependency and more effective
containment of energy demand growth. These results
clearly distinguish ESCN1 as reflecting more moder-
ate interventions, whereas ESCN2 represents stronger
shifts in policy and technology.

These scenarios illustrate how policy interventions
can differ in their impact. ESCN1 suggests that moder-
ate measures may be insufficient to offset rising energy
demand. In contrast, ESCN2 indicates that compre-
hensive strategies could enhance energy efficiency and
reduce reliance on fossil fuels in the transport sector
by 2050.
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Figure 8. Final energy demand scenarios.

3.2. CO, emissions

According to the sectoral analysis, the transport sector
is the main source of emissions, accounting for 34%
of the total under the business-as-usual scenario, as
shown in Figure 9. The emissions projections indicate
the following:
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¢ Under ESCN1, emissions increase by 145% as
the expected growth in economic activity exceeds
the decarbonization rate of the current energy
matrix.

e Under ESCN2, emissions decrease by 5%, driven
by the adoption of clean generation technologies
and compliance with international sustainability
standards.

These results indicate that the expansion of the
Ecuadorian economy should not be viewed as an im-
pediment, but rather as a driving force for investment
in new mitigation technologies and in research and
development.

Replacing fossil fuels by harnessing the country’s
remaining hydroelectric potential appears to be the
most viable pathway for reducing emissions from the
current 37.10 MtCO4 to levels below 20 MtCO,.

CO2 emissions
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Figure 9. CO2 emissions (KTCO3)

The results of this study are consistent with pre-
vious research indicating a strong relationship among
economic growth, energy consumption, and C'Os emis-
sions. Several studies have shown that, in developing
economies, economic expansion is usually accompanied
by increased energy demand [84,85], particularly when
fossil fuels remain dominant in the energy mix [86].
In the Ecuadorian context, this relationship is espe-
cially evident in the transport and industrial sectors,
which account for a significant share of final energy
consumption.

Similar trends have been reported in studies an-
alyzing energy transition scenarios in Latin Amer-
ica [87-89], where dependence on fossil fuels continues
to drive emissions growth despite increasing invest-
ments in renewable energy. These findings reinforce
the importance of improving energy efficiency and
promoting structural changes in the energy system to
reduce long-term emissions.

From a policy perspective, the scenario analysis
highlights the importance of implementing long-term
energy transition strategies. The results suggest that
maintaining current trends under the BAU scenario

could lead to a sustained increase in both energy de-
mand and C'Os emissions. In contrast, scenarios incor-
porating stronger policy interventions and technologi-
cal improvements indicate a potential stabilization or
reduction of emissions over time [90].

These results support the need for policies aimed
at increasing the share of renewable energy, improving
energy efficiency, and reducing dependence on fossil
fuels in key sectors of the Ecuadorian economy.

These results support the need for policies aimed
at increasing the share of renewable energy, improving
energy efficiency, and reducing dependence on fossil
fuels in key sectors of the Ecuadorian economy.

Despite the usefulness of the proposed model for ex-
ploring long-term trends, several limitations should be
acknowledged. First, the model relies on historical data
and assumptions regarding economic growth, energy
intensity, and policy implementation, all of which intro-
duce uncertainty in long-term projections. Second, the
model represents the energy system at an aggregated
level and does not explicitly account for technological
diffusion processes or behavioral changes in energy
consumption. Finally, the scenarios analyzed are based
on simplified assumptions about future policy and
economic conditions, which may unfold differently in
practice.

3.3. Discussion and Limitations

Although the systems dynamics analysis employed in
this study provides a useful framework for examining
the long-term interactions among energy demand, eco-
nomic growth, and C'O5 emissions, several limitations
associated with the scenario assumptions should be
considered.

The scenarios are based on simplified assumptions
regarding future rates of economic growth, changes in
energy intensity, and shifts in the energy mix. These
variables are influenced by various external factors,
such as international energy prices, regulatory changes,
technological innovation, and geopolitical conditions.

Structural changes in the economy, such as the
digitization of industrial processes, the widespread
adoption of low-carbon technologies, and rapid elec-
trification, may alter these relationships over time. In
particular, disruptive technological change may reduce
energy intensity more rapidly than assumed in the
present simulations. Policy-oriented scenarios assume
that international agreements and national sustainabil-
ity strategies will be implemented within established
time frames. In practice, however, the effectiveness of
climate and energy policies depends on institutional
capacity, social acceptance, and the availability of in-
vestment, which may result in the partial or delayed
implementation of measures.

The model represents Ecuador’s energy system at
an aggregate level and therefore does not explicitly
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capture micro-level dynamics, such as changes in en-
ergy use, technological diffusion processes, or regional
inequalities in energy access and infrastructure develop-
ment. These factors may influence the actual evolution
of energy demand and emissions.

Finally, uncertainties associated with climate vari-
ability were not explicitly modeled in the energy supply
subsystem. Extreme weather events, such as prolonged
droughts, may alter electricity availability and indi-
rectly affect fossil fuel use and emissions due to the
significant role of hydropower in Ecuador’s electricity
generation.

Despite these limitations, the model provides a use-
ful analytical tool for investigating long-term trends
and examining the potential consequences of different
policy pathways. Therefore, the results should not be
interpreted as definitive predictions of the future de-
velopment of Ecuador’s energy system, but rather as
indicators that support strategic planning.

4. Conclusions

Economic projections alone do not offer a favorable
pathway for reducing emissions in Ecuador; therefore,
targeted public policies are required to improve the
quality of life while advancing environmental sustain-
ability. At the same time, the scenario analysis sug-
gests that, as renewable energy use increases alongside
continued economic growth, the relationship between
these variables becomes less tightly coupled over time
than it has been historically.

Investment in scientific research focused on emerg-
ing technologies and mitigation strategies must become
a state priority to ensure that economic growth gen-
erates positive environmental outcomes. This effort
should include strengthening local capacities in smart
grid management and demand digitalization, thereby
enabling more efficient load management and reducing
pressure on existing infrastructure.

Since the transport sector is the largest source of
emissions and accounts for 34% of the consumption ma-
trix under the projected trend, it is necessary to move
beyond a passive policy of technological substitution
toward one that actively promotes the electrification of
public and heavy freight transport. The findings indi-
cate that energy efficiency alone will not be sufficient to
accommodate the sector’s projected growth. Therefore,
tax incentives should be implemented to directly sup-
port freight infrastructure, while fossil fuel subsidies
should be gradually phased out and the corresponding
resources reallocated to technological innovation funds.

The results also show that energy intensity in
Ecuador remains high. Strengthening the National En-
ergy Efficiency Plan through binding regulations for
industry is therefore essential. In this regard, manda-
tory energy audits and the adoption of international

standards are required. The ultimate objective should
be genuine decoupling, allowing GDP to grow while
energy demand stabilizes or declines, as observed in
the ESCN2 scenario trajectories.

The vulnerability of the system to climate-related
events, such as droughts that adversely affect hy-
dropower generation, also highlights the need for rapid
diversification toward non-conventional renewable en-
ergy sources, particularly wind and solar photovoltaic
energy. The model indicates that increasing the com-
bined share of hydropower and renewable energy to
between 50% and 70% could significantly reduce emis-
sions to a range of 15.03 to 27.36 MtCO2. To support
this transition, specific auctions for microgrids and
energy storage projects should be introduced to ensure
supply stability without relying on backup thermal
power plants fueled by diesel or fuel oil.
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